Context. The properties of hydrogenated amorphous carbon (a-C:H) dust evolve in response to the local radiation field in the interstellar medium and the evolution of these properties is particularly dependent upon the particle size. Aims. A model for finite-sized, low-temperature amorphous hydrocarbon particles, based on the microphysical properties of random and defected networks of carbon and hydrogen atoms, with surfaces passivated by hydrogen atoms, has been developed. Methods. The eRCN/DG and the optEC (s) models have been combined, adapted and extended into a new optEC (s) (a) model that is used to calculate the optical properties of hydrocarbon grain materials down into the sub-nanometre size regime, where the particles contain only a few tens of carbon atoms. Results. The optEC (s) (a) model predicts a continuity in properties from large to small (sub-nm) carbonaceous grains. Tabulated data of the size-dependent optical constants (from EUV to cm wavelengths) for a-C:H (nano-)particles as a function of the bulk material band gap [E g (bulk)], or equivalently the hydrogen content, are provided. The effective band gap [E g (eff.)] is found to be significantly larger than E g (bulk) for hydrogen-poor a-C(:H) nano-particles and their predicted long-wavelength (λ > 30 µm) optical properties differ from those derived for interstellar polycyclic aromatic hydrocarbons (PAHs). Conclusions. The optEC (s) (a) model is used to investigate the size-dependent structural and spectral evolution of a-C(:H) materials under ISM conditions, including: the IR-FUV extinction, the 217 nm bump and the infrared emission bands. The model makes several predictions that can be tested against observations.
Introduction
The evolution of hydrocarbon solids is a key issue in astrophysical studies and these materials have received considerable interest as a model for the properties of the solid carbonaceous matter in the interstellar medium (ISM, e.g., Jones et al. 1990; Duley 1995; Duley et al. 1997; Dartois et al. 2004a Dartois et al. ,b, 2005 Pino et al. 2008; Serra Díaz-Cano & Jones 2008; Jones 2009; Godard & Dartois 2010; Godard et al. 2011; Compiègne et al. 2011) , in circumstellar media (e.g., Goto et al. 2003; Sloan et al. 2007 ) and in the Solar System (e.g., Dalle Ore et al. 2011) .
Hydrocarbon solids darken with ultraviolet (UV) irradiation and thermal annealing (e.g., Iida et al. 1985; Smith 1984) due to the evolution of the band gap or optical gap energy, E g , of the material in response to the local conditions. The result is a loss of hydrogen atoms from the structure and an evolution towards more aromatic materials. The evolution of the band gap is therefore at the heart of the inherent variability of a-C(:H) properties that are of interest in their utility in unravelling the nature of hydrocarbon grains in the ISM.
As elucidated in detail in Jones (2012a,b) , hereafter called papers I and II, this work was conceived with the application of the Random Covalent Network (RCN) theory and defective which is not re-normalised, because the surface H atoms are counted as "extra". Eq. (2) trivially reduces to X H for the bulk network for large particles or when no surface effects are considered. Appendix A gives a detailed analysis of size and surface hydrogenation effects in the eRCN/DG model; there it is concluded that, for particles with radii 30 nm, the effects of surface hydrogenation can be ignored and the bulk optical properties used to describe them.
It is possible for hydrocarbon particle surfaces to reconstruct without the addition of extra H atoms (e.g., Jones 2001) . For example, a surface sp 3 aliphatic C−C pair, with a dangling bond on each C atom, could reconstruct to form a sp 2 olefinic C=C pair without the need for additional H atoms. However, this type of re-construction is inconsistent with the model because it would effectively alter the bulk properties of sub-nm particles (see Appendix A).
The aliphatic CH 2 /CH 3 ratio in finite-sized particles
In the ISM it appears that the observed 3.3 − 3.6 µm absorption spectrum towards the Galactic Centre and the aliphatic CH 2 /CH 3 ratio are consistent with amorphous hydrocarbon grains (e.g., Pendleton & Allamandola 2002; Dartois et al. 2005 , see also paper I). Fig. 1 shows the CH 2 /CH 3 abundance ratio as a function of X H and radius (a = 100, 30, 10, 3, 1, 0.5 and 0.33 nm) for the eRCN a-C:H model aliphatic carbon component (see paper I). What Fig. 1 shows is that, except for particles with radii 1 nm (i.e., the short-dashed, dotted and lower [∼ horizontal] solid lines that deviate from the general trend in the figure), the CH 2 /CH 3 ratio depends only on X H and is practically independent of size. Thus, H-rich, a-C:H particles significantly smaller than 100 nm, but larger than 1 nm, could be consistent with the observed CH 2 /CH 3 abundance ratio. However, it should be recalled that the smallest carbonaceous grains in the ISM (a 20 nm) are probably hydrogen-poor and highly aromatic (e.g., see Sect. 5.2) and, even though their CH 2 /CH 3 ratio may be significant, the atomic fraction of aliphatic CH 2 and CH 3 groups is small for X H < 0.2 and their CH 2 /CH 3 ratio likely to be very different from that of larger grains. Hence, the conclusion in paper I, that the interstellar absorption observations are consistent with large a-C:H particles having an atomic hydrogen content > 57%, with a CH 2 /CH 3 abundance ratio ≈ 0.5 − 1.3, appears to hold true, provided that the particles in question are larger than ≃ 40 nm.
The structural properties of very small grains
Clearly the effects of size on the structural properties of a-C(:H) particles will be most pronounced for the smallest particles and, following from the above discussions (see also Appendix A), it is of interest to concentrate on the properties of particles smaller than 10 nm. The model takes into account the material density dependence on E g (≡ X H , Eq. 1) and also includes an effective radius term (a eff = a 0.8 ) to simulate lower effective densities for particles smaller than 1 nm, which could arise from structural relaxation effects (see below), but that do not engender any restructuring of the material.
It is found that surface hydrogenation (passivation) effects can be safely ignored for particles with a 30 nm, i.e., the fraction of H atoms on the surfaces of large interstellar grains is negligible ( a few percent). However, for particles as small as 0.5 nm, there can be as many H atoms on the surface as in the interior (e.g., see Appendix A, Fig. A.2) . Given that the ion-and UV-irradiation of a-C(:H) leads to its aromatisation, and that experiments find an ≈ 5% (X H = 0.05) lower limit to the H atom content (Adel et al. 1989; Marée et al. 1966; Gadallah et al. 2011; Godard et al. 2011) , H-poor a-C will consist primarily of sp 2 C atoms. For such materials (X H 0.2) the DG model, rather than the eRCN model, must be applied and for X H = 0.05 this model predicts a carbon atom hybridisation ratio R = X sp3 /X sp2 = 0.04, equivalent to an sp 2 [sp 3 ] carbon atom fraction of 0.91 [0.04] (see the lower dashed line, for the DG model, in Fig. 2 of paper I). For a 0.5 nm radius, H-poor particle there will be ≈ 25 times as many H atoms on the surface as in the bulk (see Fig. A. 3), which might at first glance seem rather unreasonable. Stoichiometrically, the bulk structure of a particle with X H ∼ 0.05, could schematically be represented by a coronene (C 24 H 12 ) and two pyrene molecules (2 C 16 H 10 ) that have lost 30 of their 32 peripheral H atoms, i.e., C 24 H + C 16 H + C 16 (C 56 H 2 ), ≡ X H ≈ 0.04. If the bulk material were to be reduced to a particle of radius ∼ 0.5 nm, the three molecules "piled up" to create a pyrene-coronene-pyrene sandwich and the 30 H atoms replaced, a surface-to-bulk H atom ratio of 30/2 = 15, rather similar to that predicted by the model is recovered (Appendix A).
What the above discussion indicates, perhaps rather surprisingly, is that the adopted surface H atom passivation model is, apparently, applicable down to particles, or large molecules, with as few as 50 − 60 carbon atoms. However, the optEC (s) model optical property determination (paper II) is strictly no longer valid because of the transition from bulk-like band structure towards discrete molecular bands. This is the interesting interface between solid-state and molecular physics where a bulk material optical property description is probably no longer valid (see later discussions). Nevertheless, this bulk-material approach may yield a useful "stop-gap" until there is a better understanding of the optical properties of particles or clusters in the solidto-molecule transition domain.
Experimental results on clustering in a-C(:H)
In their laser ablation-produced carbonaceous particle UVirradiation experiments Gadallah et al. (2011) typically find, in all of their materials (with pre-irradiation values of E g in the range 1.1 − 1.65 eV), the presence of strongly distorted graphene layers and small fullerene-like carbon structures.
1 Post UVirradiation they find E g = 1.54±0.17 eV but note that this may be due to a scattering effect and that the true values of E g probably lie in the range 0.25 − 0.45 eV, corresponding to X H = 0.05 − 0.1. In their HRTEM images they are able to discern aromatic clusters containing 3 − 8 rings (with diameters ≃ 0.4 − 0.7 nm).
As Ferrari & Robertson (2004) , Hu et al. (2007a) and Hu et al. (2007b) point out, sp 2 chain and cage-like clusters and sp 1 (cumulenic) chains may be rather common structures in some a-C:H materials. Petrie et al. (2003) have theoretically studied an interesting suite of structures that they call locally aromatic polycyclic hydrocarbons (LAPHs), which lie in the compositional range C 19 H 22 to C 36 H 32 . These LAPHs contain aromatic domains with only a few rings per domain that are linked by bridging aliphatic ring systems. They have shown that these molecular species should have spectral properties rather similar to HAC and a-C(:H) materials. It is possible that within the astrophysical context that the aromatic components of LAPH-like species could also be bridged olefinic carbon-containing rings and chains.
Rather interestingly, Smith (1984) and Scott & Duley (1996) have shown that a-C:H/HAC decomposition leads to low density materials (ρ 1.5 g cm −3 ). Scott & Duley (1996) show, in particular, that the solid decomposition product appears to be an aerogel-like material consisting of weakly-connected aromatic "proto-graphitic" or polycyclic aromatic hydrocarbon(PAH)-like clusters in a "friable network". Thus, the simplistic, radiusdefined number of carbon atoms in the particle (see Eq. A.3) is probably not going to be valid for particles containing less that a few hundred atoms and it would be better to think more in terms of an effective radius approach, as above, or to just consider their properties as a function of the number of carbon atoms as is done for interstellar "PAH" molecules. The effective radius approach, i.e., a eff = a −0.8 , leads to about a factor of two increase in the volume and therefore in the carbon atom content for particles of radius a = 0.4 nm (see Fig. A.1 ).
Size-dependent optical properties
As discussed in paper II, laboratory studies of amorphous hydrocarbons indicate a linear relationship between the band gap, E g , of these materials and their atomic hydrogen fraction, X H , (Tamor & Wu 1990) , i.e.,
and also with the number of aromatic rings, N R , in an aromatic domain or cluster (Robertson & O'Reilly 1987) ,
The presence of hydrogen leads to broad resonances in the a-C:H optical spectra that lie well away from the gap. Therefore, it is not the presence of hydrogen atoms that directly contributes to the gap. However, their presence completely determines the sp 3 to sp 2 carbon atom ratio and hence the nature of the carbon atom clustering into aliphatic, olefinic and aromatic domains (see Fig. 1 in paper I and also Robertson 1986; Ferrari & Robertson 2004 ).
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As noted in paper II, the particle size imposes strict limits on the minimum possible band gap, which is determined by the largest aromatic cluster, i.e., aromatic clusters cannot be bigger than the particle. Fig. 2 shows the limiting values of E g as a function of the particle size for different values of X H (≡ E g ). In conclusion, aromatic cluster limiting-size effects can safely be ignored for particles with radii greater than a few nm. For large particles E g is constrained by the H atom fraction, which in this work is determined by the eRCN and DG models. A band gap size-dependence is not unique to a-C(:H) materials and a size-dependent band gap has been experimentallydetermined for (nano-)diamonds down to radii of 2 nm (see Jones 2001 , and references therein, for a discussion of the sizedependent properties of nano-diamonds).
For the smaller particles E g can be determined, as a function of size, using Eqs. (3) to (6). Fig. 2 clearly illustrates that hydrogenated amorphous carbon nano-particles will always have a significant band gap, one that is larger than for bulk matter of the same composition. This effect is simply due to the maximum allowed aromatic cluster size. The maximum band gap is here completely determined by the bulk hydrogen content, X H (Eq. 3), interior to the surface of the particle. The "extra" hydrogen atoms required to passivate the "dangling" C(-) n bonds at the particle surface do not affect the bulk structure.
In conclusion, the surface hydrogenation of a-C(:H) particles: does not affect their band gap, which is determined by the "bulk" H atom content, but does affect their spectra because of the addition of "extra" H atoms in surface CH n groups. However, the size of the particles does affect the band gap because it limits the maximum allowed size of the band gap-determining aromatic clusters.
The following sections (and the Appendices) consider the effects of size on the annealing behaviours of of a-C(:H) particles and, in particular, its effect on the visible-UV optical properties and IR spectral properties.
(5.0 − 5.5 eV) components. However, and unlike our approach, they allow their component bands to vary, as indicated by the energy ranges shown in brackets.
The thermal-or photo-annealing of a-C(:H) materials leads to a strengthening of the π − π * with respect the σ − σ * and ∼ 6.5 eV (C 6 ) peaks. These trends are the result of increasing Fig. 2 . Size effects on the band gap of eRCN/DG particles as a function of X H (black dashed lines); the long-dashed lines indicate the upper and lower validity limits for the eRCN model, X H = 0.62 and 0.17, respectively. The grey lines with square data points indicate the size-dependent band gap derived using π − π * band constraints (for E g (bulk) = 0.25, 0.75, 1.25, 1.50, 2.00 eV, ≡ X H = 0.06, 0.17, 0.29, 0.35 and 0.47, respectively, from bottom to top) and the solid (blue) line shows the approximate empirical limit,
−1 − 0.2}, above which no aromatic cluster size effects need to be taken into account (see Sect. B.1.1).
aromaticity with increased annealing (see paper II). The following sections discuss how the observed behaviour of the π − π * , σ − σ * and ∼ 6.5 eV (C 6 ) bands are affected by particle size.
3.1.1. The π-π ⋆ , C 6 and σ-σ ⋆ bands
In this work a phenomenological model is adopted for the π-π ⋆ band, the band arising from the inherent size distribution of aromatic clusters within the given a-C(:H) material (e.g., Robertson 1986 ). The bulk π-π ⋆ bands are predominantly due to sp 2 clusters with an even number of carbon atoms because they are more stable and do not have transitions deep within the band gap. The form of the π-π ⋆ band is dependent upon the band gap, E g , and must also be size-dependent because it is the size of the largest aromatic clusters, in major part, that determine the band gap of the material. The aromatic clusters are limited by the particle size, and critically so for nano-particles, where the largest aromatic clusters obviously cannot be bigger than the particle size. Fig. 2 shows how the particle band gap is directly affected by this limitation on the size of the largest aromatic clusters.
A band attributable to six-fold (i.e., "benzene" ring-like) aromatic clusters in a-C(:H), here designated the C 6 band, also contributes to the wide-gap optical properties of a-C(:H) (e.g., Robertson 1986 ). However, this band is not due to benzene because the aromatic clusters are an intrinsic component of the structural network and are not fully hydrogenated as per benzene (C 6 H 6 ). Note that the adopted C 6 band could include important contributions from clusters other than six-fold aromatic rings (see Appendix B, Sect. B.1 and Sect. B.1.2) and also from the normally weak π − σ ⋆ transitions involving the promotion of electrons from bonding π orbitals to anti-bonding σ ⋆ orbitals, which would indeed lead to the larger than predicted band width. The σ-σ ⋆ band could also exhibit some size-dependence effects but no such effect is considered here because of the current lack of suitable laboratory constraints. Fig. 3 . The imaginary (k, upper plot) and real (n, lower plot) parts of the refractive index for 100 nm radius particles as a function of E g for large gap (2.67 eV, lower purple lines at λ = 2 µm) to small gap (−0.1 eV, upper black lines at λ = 2 µm) a-C(:H) materials (see Table 1 for the full colour-coding scheme).
Appendix B, following on from the approach presented in paper II, gives the technical details of how particle size limits the aromatic cluster size distribution and how this in turn affects the optical properties. Principally, this results in significantly reduced absorption at wavelengths longwards of the π-π ⋆ band (i.e., energies < 0.5 eV) as the particle radius decreases.
The optEC (s) (a) model refractive index data
This paper extends the earlier work of papers I and II to include the effects of both band gap and particle size on the derived complex refractive index, m(n, k). Figs. 3 and 4 show the derived n and k data for 100 nm and 0.5 nm radius particles and for E g (bulk) from −0.1 to 2.67 eV. The full colour-coding scheme is given in Table 1 . The size-dependent refractive index data for the other particle radii (a = 30, 10, 3, 1 and 0.33 nm) are given in Appendix C. The n and k data for all of the considered particle radii (a = 100, 30, 10, 3, 1, 0.5 and 0.33 nm) are tabulated in the accompanying pairs of ASCII files for n and k. These data, presented as a function of the band gap (E g ≡ 4.3X H ) and particle radius from EUV to cm wavelengths, were derived using the formalism described in paper II, which has here been extended to include size-effects (see Sect. 3.1 and Appendix B). As in the earlier work the wavelength-and composition-dependent Fig. 3 but for 0.5 nm radius particles. Note that, at λ = 2 µm, n and k change little with size for a-C:H materials with E g ≥ 1.5 eV (lower purple to yellow lines in the upper k plot) but bunchup for E g < 1.5 eV. Note also that, for λ > 20 µm, the n and k data appear to be almost independent of the band gap for E g ≥ 0.5 eV. absorption coefficient, k (λ, E g , a) , is calculated and then the Kramers-Kronig relations used to calculate the accompanying values of n(λ, E g , a).
The first thing to be seen in Fig. 3 is, not unexpectedly given the analysis of Sect. 2 (and Appendix A), that the optical properties of 100 nm radius particles are identical to those of the bulk materials derived in paper II. However, as can be seen by comparing Figs. 3 and 4 2 for 100 nm and 0.5 nm radius particles, the principal changes in the n and k data, manifest as an increased contrast between the bands and the continuum for the smaller particles, i.e., the bands are stronger but the underlying continuum considerably weaker for low band gap materials. This effect arises from two independent effects, namely:
1. increased surface hydrogenation as size decreases (see Sect. 2.2 and Appendix A) and 2. a pronounced weakening of the underlying continuum for E g 1.5 eV and wavelengths 0.5 µm as the maximumallowable, particle-radius-determined aromatic domain size decreases (see Sect. 3 and Appendix B.1.1).
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Comparison of nm-sized a-C(:H) particles with PAHs
Given that a-C(:H) nano-particles and PAHs are viable and complementary alternatives for the carriers of some of the interstellar dust observables it is useful to compare their derived optical properties. Fig. 5 shows the λ 2 Q abs /a values for hydrogen-poor, "end point" evolution, a-C(:H) nano-particles with radii of 0.33, 0.5, 1 and 3 nm (i.e., X H = 0.02 − 0.11 ≡ E g (bulk) = 0.5, 0.25 and 0.1 eV) and compares these data with with that for the equivalent PAHs, i.e., for the same number of carbon atoms per particle, for four different PAH model datasets (Desert et al. 1990; Draine & Li 2001 , 2007 Compiègne et al. 2011) . In this plot the λ 2 long-wavelength wings of the IR band Drude profiles appear flat, as per a-C(:H) and the Draine & Li (2001 , 2007 models, whereas the Desert et al. (1990) and Compiègne et al. (2011) PAH data absorption coefficients increase in strength with increasing wavelength in this plot. The Desert et al. (1990) data are those that most closely match the 0.33 nm radius a-C(:H) particle data (short-dashed lines) in the 1 − 3 µm MIR minimum region. In general, the comparison of the data in Fig. 5 indicates: -a generic agreement for λ 10 µm, especially for the 0.5 nm radius particles, -that a-C(:H) materials exhibit about a factor of ∼ 2 weaker UV-EUV absorption than the Compiègne et al. (2011) PAHs but comparable to that of the other PAH models, -similar IR band intensities in the 3 µm region, -that large [small] a-C(:H) particles generally seem to have stronger [weaker] 1 − 3 µm MIR absorption than the PAH model data, Fig. 5 . λ 2 Q abs /a for 0.33 nm (short-dashed), 0.5 nm (solid), 1 nm (dashed-dotted) and 3 nm (long-dashed) radius particles: for a-C(:H) with E g (bulk) = 0.5, 0.25 and 0.1 eV (black lines, from lower to upper at 100 µm) and neutral and cation PAHs with the same number of C atoms (dark and light grey solid lines, respectively, Desert et al. 1990; Draine & Li 2001 , 2007 Compiègne et al. 2011) . The dashed, vertical, grey line shows the peak position of the UV bump and the solid, vertical, grey line shows the upper wavelength limit for the well-constrained a-C(:H) IR features.
-that nm and sub-nm sized a-C(:H) particles have weaker FIRmm absorption than that predicted for the interstellar PAHs, -that 1 − 3 nm a-C(:H) particles will absorb more energy than any of the modelled PAHs at MIR wavelengths (≃ 1 − 6 µm), and -that the predicted long-wavelength (λ 30 µm) behaviour for all of the PAH models is rather well bracketed by that of the 3 nm a-C(:H) particles.
As shown in Fig. 14 in paper II, the predicted UV cross-section per C atom for a-C(:H) materials agree well with that for the bulk materials graphite, diamond and other hydrocarbon solids. However, the π − π * and σ − σ * UV features in a-C(:H) materials are broader but only about half as intense as those of graphite and diamond, as expected for disordered/amorphous materials. In the UV region, the Compiègne et al. (2011) PAH absorption is also stronger, by about a factor of two, than that for a-C(:H) particles with the same number of C atoms (Fig. 5) . The determination of the FIR-cm optical properties of PAH and a-C(:H) nano-particles is not without difficulties and should probably still be considered as something of an open issue. Hence, it is not surprising that, at these long wavelengths, there are differences in the predicted properties of a-C(:H) nano-particles and PAHs and also between the different PAH models.
In general, the predicted optical properties of sub-nm, interstellar PAHs at FIR-cm wavelengths are implicitly influenced by those of bulk graphite (e.g., Desert et al. 1990; Draine & Li 2001 , 2007 Compiègne et al. 2011) . As shown in paper II (Sect. 4.1.2, Eq. 22), the optical properties of a-C(:H) materials are completely determined by the band gap, E g , with the long-wavelength absorptivity increasing as E g decreases. Further, and as shown here, the FIR-cm optical properties of H-poor/aromatic-rich nano-particles also depend on the effective, or size-dependent, band gap, E g (eff) (see Sect. 3 and Appendix B, Fig B.4) . The long-wavelength absorption of a-C(:H) particles is strongly size-limited, for a 10 nm, because E g (eff) is determined by the largest aromatic clusters, which cannot be larger than the particle. In Fig. 5 it is evident that the predicted FIR-cm behaviour of the interstellar PAH models compares well with that of the 3 nm a-C(:H) particles with E g (bulk) = 0.1 − 0.5 eV (long-dashed lines 3 ) containing ≃ 10 4 C atoms (see the last itemised point above). The optEC (s) (a) model predicts that smaller aromatic-rich particles have weaker FIR-cm absorption because of particle-size-limitations on the aromatic domain dimensions (see above). Thus, and based on these assumptions, it is not clear how interstellar PAHs can be such strong absorbers, at FIR-cm wavelengths, unless they contain 10 4 C atoms and have a R 0.09 √ n C nm, i.e., radii 9 nm. The extrapolation of bulk graphite data, in the derivation of the interstellar PAH properties at FIR-cm wavelengths, therefore seemingly requires molecules that are larger than those assumed in current interstellar PAH models. However, current PAH models do include long wavelength bands, such as those that have been investigated experimentally (e.g., Pirali et al. 2006 ) and theoretically (e.g., Mulas et al. 2006; Pirali et al. 2006 ) in order to determine their FIR spectral properties and to explain the anomalous microwave emission (Ysard & Verstraete 2010) . However, the band widths for 2 − 4 aromatic ring PAHs are rather narrow, i.e., FWHM 30 cm −1 , at FIR wavelengths (in the 10 − 700 cm −1 region, as experimentally-measured by Pirali et al. 2006) . Such bands have not been incorporated into the optEC (s) (a) model because they do not appear to be required to explain the currently-available bulk material laboratory data but that is not to say that they may not be observable when appropriate data on a-C(:H) nano-particles become available. In any event, it is likely that the analogous (pseudo-phonon) bands in a-C(:H) particles would be broader due to the inherent disorder in the structure.
The optEC (s) (a) model would appear to provide a means of calculating the optical properties of nm-and sub-nm-sized hydrocarbon particles until such time as appropriate laboratory data become available. However, the predicted FIR-cm optical properties of nm and sub-nm a-C(:H) particles are inconsistent with those predicted by current "interstellar PAH" models.
The optEC (s) (a) model data validity range and limitations
For the considered particles the equivalent number of carbon atoms per particle (of radius a), for X H = 0.5, is ≈ 10 8 (100 nm), ≈ 10 7 (30 nm), ≈ 10 5 (10 nm), ≈ 10 4 (3 nm), ≈ 300 (1 nm), ≈ 60 (0.5 nm) and ≈ 30 (0.33 nm). It seems reasonable to assume that the complex refractive index data derived here are valid down to the nano-particle size domain (i.e., for a 1 nm), where the particles contain at least several hundreds of carbon atoms. The calculated optical properties, e.g., n and k, for particle sizes in the "molecular domain" (a 1 nm) are probably less certain because the material response will start to resolve into more distinct, "molecular structure"-dependent bands, particularly at short wavelengths. Nevertheless, and given the inherent experimental difficulties in isolating and studying such small particles, the data for small particles (a = 0.5 and 0.33 nm) are provided here as something of a "stop-gap" measure. Given the results of the a-C(:H) vs. PAH comparison (Sect. 4.1), the data for sub-nm a-C(:H) particles, nevertheless, do not appear to be too unreasonable.
As pointed out in paper II, the adopted linear behaviour for the long-wavelength optical properties is empirical and no "real" dust analogue material will show such a characteristic and perfectly linear behaviour. Unfortunately, current data do not al-low better constraints to be imposed on the modelling of lowtemperature-formed, hydrogenated carbon particles. In particular, no contribution from long-wavelength bands (λ 13 µm) is currently included in the model, i.e.. as seen in the DDOP a-C(:H) data 4 and as pointed out in paper II.
Size-dependent optical properties and the UV bump
Figs. 6 and 7 show the efficiency factors for extinction, Q ext (thick solid), scattering, Q sca (dotted), and absorption, Q abs (dashed), for 100 nm and 1 nm radius particles, as a function of inverse wavelength. 5 Each coloured line represents one of the 14 different band gap materials (E g = −0.1 to 2.67 eV: see Table 1 for the full colour code). These figures also show the ratio Q sca /Q ext (thin solid lines), which indicates the fractional contribution of scattering to the extinction, i.e., the albedo. Note, that for large (a 100 nm), hydrogen-rich (X H ≥ 0.35), a-C:H particles the extinction will be dominated by scattering in the ∼ 0.3 − 3 µm (∼ 0.3 − 3 µm −1 ) region (Fig. 6 ). For somewhat smaller particles (a ≃ 30 nm) this also remains true but only for the hydrogen-richest materials (X H ≃ 0.6, see Fig. D .1) and over a narrower wavelength range ∼ 0.5 − 2 µm (∼ 0.5 − 2 µm −1 ). As expected, and for all a-C:H materials, the scattering contribution to the extinction, the albedo, decreases rapidly with decreasing particle size.
For particles with radii smaller than 10 nm (Figs. D.3 to D.5), and as the hydrogen content and the band gap decrease, a clear "bump" appears in the spectra in the region of the observed UV extinction bump at 217 nm. The observed variation in the central position of the interstellar UV extinction bump at 217 nm is indicated by the thick, vertical, grey line and the range of observed full width at half maximum, FWHM, by the vertical, lighter grey bands on either side (e.g., Fitzpatrick 2004; Fitzpatrick & Massa 2007) . In particular, it should be noted that poorly-hydrogenated (i.e., aromatic-rich) particles with radii ≃ 1 nm ( Fig. 7) would appear to give an excellent match to the UV bump position. However, it is clear that the predicted peak position of the bump does depend on particle size, occurring close to 4 µm −1 (5 µm −1 ) in 10 nm (0.33 nm)-radius particles and, in all cases, the a-C(:H) UV bump width is larger than the width of the observed feature in these Q ext plots.
Experimental constraints on the UV bump
Experiments show that a-C(:H) materials in general produce broad UV absorption peaks, with widths and positions that depend on the nature of the material and its post-formation processing. It is clear that this broad feature has its origin in the aromatic component of these solids. This section outlines some important experimental constraints from studies of laboratory analogues of interstellar carbons that provide critical information on the nature of the UV bump-carrying particles in the ISM. Mennella et al. (1996) have shown that UV and ion irradiation of HAC solids leads to an increase in the strength of the measured UV bump in these materials as a result of the increased aromatic carbon content in the structure. They attributed the bump at 215 nm in their experiments to π − π ⋆ electronic transitions in the sp 2 carbon atom clusters in the structure. However, it is also apparent that aromatic molecules can also produce a UV bump A&A proofs: manuscript no. aCH_evolution_paper_III (e.g., Joblin et al. 1992) . Duley & Seahra (1998 , 1999 proposed that the UV bump has its origin in dehydrogenated coronene and carbon nano-particles containing up to several hundred carbon atoms and Duley & Lazarev (2004) have been able to experimentally reproduce a UV bump feature in their experiments. In their thorough experimental investigation Dartois et al. (2005) find a UV bump in their a-C:H materials at 4.2 µm −1 . In a recent and comprehensive experimental study of UVirradiated HAC materials Gadallah et al. (2011) , based on their earlier work (Llamas-Jansa et al. 2007 ), confirm the suggestion by Mennella et al. (1996) that the UV extinction bump is consistent with UV-irradiated hydrocarbon nano-particles in the ISM. Gadallah et al. (2011) show that the "distinguishable UV band" at 217 nm results from structural modifications, arising from UV irradiation, which alter the electronic density of states and, in particular, the π − π ⋆ transitions, which they state " . . . probably results from π − π ⋆ electronic transitions due to the existence of the aromatic structures motivated by the UV radiation within the HAC material". However, and as pointed out by Gadallah et al. (2011) , there does still appear to be the remaining problem that the required abundance of carbon in the carriers is too high and that the bump in the laboratory data is perhaps still rather too large.
The above-cited experimental works serve to rather convincingly show that it is indeed the detailed nature of the aromatic clusters in hydrocarbon solids that is at the origin of observed UV extinction bump in the ISM. This appears to be entirely consistent with the adopted description of the inherent aromatic cluster distribution and the derived a-C(:H) optical properties resulting from the model (presented in full in Appendix B). However, it is also clear that current models and experiments on interstellar carbon dust analogues are not yet been able to reproduce the observed constancy of the peak position and the rather narrow range of widths of the interstellar UV bump . It seems that the current understanding of the microphysics of likely UV bump-carrying particles is therefore currently incomplete.
Observational constraints on the UV bump
In a detailed study of the IR-UV dust extinction morphology Fitzpatrick (2004) and Fitzpatrick & Massa (2007) show that the position of the observed UV bump, at 217.85±0.91 nm (≃ 4.5903 ± 0.0085 µm −1 , 1σ range), and its width are uncorrelated. Further, Fitzpatrick & Massa (2007) find that the UV bump FWHM varies significantly between sight-lines (≃ 1.00 ± 0.15 µm −1 ) and seems to exhibit a bi-modal distribution. Fitzpatrick (2004) and Fitzpatrick & Massa (2007) also show that the bump is strongest for curves with intermediate levels of FUV extinction and weaker for lower or higher values than this "mean" value of the FUV extinction. Sect. 5.3 gives a more detailed comparison with other observational aspects, including the UV bump.
4.4. The optEC (s) (a) particle 2 − 14 µm spectra
The eRCN-DG model-derived IR, optEC (s) (a) spectra of 100 and 0.5 nm radius particles in the 2 − 14 µm region are shown in Figs. 8 and 9.
6 As expected, the derived spectra are practically particle size-independent for radii 10 nm and identical to the bulk materials spectra presented in paper I. The only major difference is an increase in the aromatic CH stretch at 3.28 µm,
6 Appendix E shows the complementary spectra for 30, 10, 3, 1 and 0.33 nm radius particles. . Q ext (thick solid lines), Q sca (dotted lines), Q abs (dashed lines) and Q sca /Q ext (i.e., the albedo, thin solid lines), with E g decreasing from top to bottom at λ −1 = 6 µm −1 , as a function of inverse wavelength for all the considered band gap materials (see Table 1 ) for 100 nm radius particles.
The thin horizontal black line shows the limit where Q sca /Q ext = 1. Fig. 6 but for 1 nm radius particles, with E g increasing from top to bottom at the peak of the UV bump (at 4.6 µm −1 ). The vertical grey line shows the central position of the UV bump at 217 nm and the vertical, lighter grey bands on either side indicate the full width of the observed UV bump (Fitzpatrick 2004; Fitzpatrick & Massa 2007) . The grey squares show the diffuse ISM extinction curve for R V = 3.1 (dark) and 5.1 (light) from (Savage & Mathis 1979 , large squares) and (Mathis 1990 , small squares). The grey curves indicate the average galactic extinction, and its variation (upper and lower grey curves), as derived by Fitzpatrick & Massa (2007). which is due to the addition of surface hydrogenation to the DG-modelled particles, where no aromatic CH component was present in the bulk material model (see paper I, Sect. 2.3).
Fig. 7. Same as for
For particles smaller than 10 nm, and with decreasing size, the following systematic changes in the spectra can be seen:
-An increase in the aromatic CH stretch at 3.28 µm, due to surface hydrogenation in H-poor particles. -A weakening of the olefinic CH mode at 3.32 µm due to surface hydrogenation to CH 2 with weaker IR modes. -A change in the aliphatic CH n bands due to hydrogenation to CH (n+1) , where (n + 1) 3. -3 µm region spectra, for small H-poor particles (grey lines), that resemble the AIB spectra, viz., a strong 3.28 µm band
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A.P. Jones: Variations on a theme -the evolution of hydrocarbon solids: are not yet well-determined by laboratory measurements. Fig. 8 but for particles of radius 0.5 nm. Note how the spectra bunch up and how the IR band positions evolve from aliphaticrich (with maxima in the ≈ 3.4 and ≈ 7 µm regions) to aromatic-rich (with maxima at 3. 3, 6.3, 6.7, 7.0, 11.3 and 12.7 µm) .
Fig. 9. As per
with an adjacent 3.45 − 3.55 µm plateau with superimposed peaks (see Sect. 5.1 for a more detailed discussion).
There is some experimental evidence to support this general scenario in that Hu et al. (2006) have shown that carbon nanoparticles, containing 10 2 −10 3 carbon atoms (radii ≃ 0.8−1.5 nm, e.g., see Fig. A .1) can produce IR bands at 6.2, 7.7, 7.8 and 8.6 µm. In a follow-up study they also found that the 3.29 µm emission band is consistent with polycyclic aromatics with peripheral aliphatic side-chains (Hu & Duley 2008) , generically consistent with the last item above.
Note that the hydrocarbon grain deconstruction and spectral prediction tool presented here, and in papers I and II, could be used to fit observational data, in a physically meaningful way, but only if all of the positions, strengths and widths of the CC and CH modes in a-C:H and, perhaps most importantly, the correct band assignments can be made. Alternatively, the observational data could be de-constructed into component bands and those then fitted to a 'sequential' and evolutionary range of spectra to reveal the nature and sizes of the responsible carriers and their evolution from region to region. However, a note of caution is needed here as not all the observed bands necessarily originate in the same carriers, and thus careful band assignments are essential in this case if data over-interpretation is to be avoided.
Size-dependent spectra from EUV to mm wavelengths
The previous sub-sections (Sect. 4.3 and Sect. 4.4) presented the optical and UV extinction properties for the optEC (s) (a) data. Here the same data is shown over a larger wavelength range in order to explore the IR to mm wavelength behaviour. Figs. 10 to 13 show the efficiency factors for extinction (solid) and absorption (dashed) for particles with radii of 100, 30, 10, 3, 1 and 0.5 nm, respectively, as a function of wavelength and plotted as λQ i /a for clarity (i = ext or abs). Each coloured line represents one of the 14 different band gap materials (E g = −0.1 to 2.67 eV, see Table 1 for the full colour code). The absorption properties (Q abs ) of particles with radii 10 nm are essentially identical for λ 0.5 µm, as are their extinction properties (Q ext ) at long wavelengths (λ 50 µm), except for the 100 nm particles with the smallest band gap (E g = −0.1). However, at shorter wavelengths (λ ≃ 0.5 − 3 µm), and as expected, scattering becomes more important as size increases. For 100 nm radius particles some scattering is still apparent at wavelengths as long as 50 µm, particularly for large band gap materials (E g 2 eV). The expected size effects on the optical properties in the visible-UV region are also apparent, i.e., the peak in Q ext shifts to shorter wavelengths with decreasing particle radius.
At first glance the IR-mm spectra show a systematic evolutionary sequence from high to low E g and from large to small sizes, with IR bands superimposed on continua that strengthen as the band gap decreases. In detail, the principal effects seen in these data are: weakly-varying properties for particles with a 10 nm and a decreasing continuum contribution with decreasing particle size for a < 10 nm. The latter effect is akin to a transformation of optical properties from bulk-like (bands and important continua) to molecule-like (strong bands and weak continua). In the latter case, using a bulk-matter approach to derive the optical properties of species that contain of the order of only tens of carbon atoms, would appear to be less than ideal for such small sizes (e.g., see the detailed comparison in Sect. 4.1).
Astrophysical implications
In addition to the astrophysical implications already discussed in papers I and II, the effects of size on the optical and spectral properties have important and further consequences for the nature and evolution of the a-C(:H) dust observables in the ISM. This section re-visits these implications within the context of the size-dependent properties of a-C(:H) materials.
Structural variations and spectral properties
Given the important, but not exclusive, diagnostic importance of the 3 µm region in determining the nature of hydrocarbon dust in the ISM (e.g., Pendleton & Allamandola 2002) Figs. 14 to 17 show the spectra of small a-C(:H) particles in the 3 µm wave- Fig. 10 . λQ ext /a (solid) and λQ abs /a (dashed), for 100, 30 and 10 nm radius particles, as a function of wavelength, for all of the considered band gap materials (see Table 1 ). At λ = 2 µm, E g decreases from 2.67 eV (lower purple line) to −0.1 to 0.25 eV (the four upper grey and black lines). The vertical grey line marks the position of the UV extinction bump at 217 nm. length region, presented as optical depth.
7 These data illustrate the intrinsic weakness of aromatic band CH at 3.28 µm compared 7 Note that the 3.28 µm (2960 cm −1 ) band has here been reduced in strength by 20% to 4 × 10 −18 cm 2 compared to the value assumed in paper I. to the olefinic and aliphatic CH n modes. Given that there seems to be a natural "block" on the evolution to materials with band gaps smaller than ≈ 0.2 eV (≡ X H ≃ 0.05) during ion or UV irradiation (e.g., Adel et al. 1989; Marée et al. 1966; Gadallah et al. 2011; Godard et al. 2011) , there ought then to be a natural block on their spectral evolution. For these limiting compositions (i.e. E g ≃ 0.1 − 0.25 eV) the optEC (s) (a) model predicts spectra (the light grey lines in Figs. 15 to 17) , for small particles (a 1 nm), that exhibit an aromatic CH band with satellite aliphatic CH n bands but little evidence for olefinic CH n bands. The optEC (s) (a) model therefore predicts that the aromatic CH band should always be associated with aliphatic (but not olefinic) CH n side bands and/or a plateau in the ≈ 3.35 − 3.55 µm region. The lack of olefinic CH bands is because, in the eRCN/DG model, the sp 2 component in low X H , sub-nm particles is predominantly in small aromatic domains that are linked by aliphatic, rather than olefinic, bridging species. Thus, the optEC (s) (a) model then also predicts that no IR emission band spectrum, arising from hydrocarbonaceous dust, and exhibiting only a 3.28 µm aromatic CH band, in the 3 µm region will be observable in the ISM. Some evidence that seems to support this prediction, and therefore favour an a-C(:H) origin for the IR emission bands, comes from AKARI observations of the IR emission features in M 82, which show (upper, grey-black) , E g = 0.5 eV (middle, pink), E g = 0.75 eV (lower, red, y-axis intercept at ≈ 0.12) and E g = 1 to 2.67 eV (lower, yellowpurple, bottom to top at ≈ 3.45 µm). The thin, grey, vertical lines indicate the band origins (see paper I): aromatic (short), olefinic (medium) and aliphatic (long), CH (solid), CH 2 (dashed) and CH 3 (dashed-triple dotted). The data with error bars (in grey) are for the diffuse ISM line of sight towards the Galactic Centre source IRS6E and Cyg OB2 No. 12 (taken from Pendleton & Allamandola 2002) . For comparison the observational data are scaled to the E g = 2.67 eV data. no pure aromatic CH band but only aromatic and aliphatic CH bands that always appear together, even in the very energetic superwind region (Yamagishi et al. 2012) . In contrast, the PAH and (surface-hydrogenated) graphitic interstellar dust models both, implicitly, allow for the possibility of a "pure" 3.28 µm aromatic CH emission band in the 3 µm region, which is apparently never observed.
Figs. 15 to 17 predcit that a-C(:H) nano-particles (a 1 nm), with band gaps in the range 0.75 − 1.75 eV (≡ X H ≃ 0.2 − 0.4), will show an olefinic CH 2 band at 3.35 µm, which is not apparent in the observational data. This band is not evident in the predicted spectra for a-C(:H) particles with radii 3 nm, nor for bulk a-C(:H) materials (see paper I), which would therefore be consistent with the observed 3 − 4 µm interstellar absorption fea- tures. However, in the ISM the a-C(:H) nano-particles that would show the 3.35 µm band (i.e., those with a 1 nm) will be rapidly UV-EUV photolysed (in 10 6 yr, see Sect. 5.2) to aromatic-rich particles, with and associated aliphatic component, that do not exhibit a 3.35 µm olefinic CH 2 band (see the spectra for nanoparticles with E g (bulk) = 0.1 − 0.5 eV, the pink, light-grey and mid-grey lines in Figs. 15 to 17) .
As already pointed out, 3 nm radius a-C(:H) particles with E g (bulk) 0.5 eV will be relatively strong continuum absorbers (see Sect. 4.1). In Figs. 15 to 17 we also note that, for these same particles, the 3.28 µm aromatic CH band is intrinsically rather weak in absorption compared to the aliphatic CH n=1−3 bands in the adjacent 3.35 − 3.55 µm region. Recall that within a-C(:H) particles, it is the small band gap, aromatic clusters that will be the UV-visible, photon-absorbing species and that they appear to be bridged, principally, by short, "isolating", aliphatic chains. It is therefore likely that the absorbed UV-visible photon energy could be localised in an aromatic cluster before "vibrationalleakage" to the rest of the particle through the aliphatic linkages. Thus, the 3.28 µm aromatic CH band could be stronger in emission than in absorption because it arises from "locally-hot" aromatic clusters. Such a process could perhaps be considered as A&A proofs: manuscript no. aCH_evolution_paper_III The above-discussed small particle, or carbon cluster, mixed aromatic-aliphatic structures ought to be rather stable in the ISM. However, should they be further-fragmented by UV-EUV photons, or by ion or electron collisions, then they will preferentially lose their more fragile aliphatic components, thus releasing "free-flying", aromatic, PAH-like species into the gas. Jochims et al. (1994) showed that small PAHs (N C 30 − 40) will dissociate, before they can relax by IR emission, in HI regions and will therefore be rapidly destroyed in the low-density, diffuse ISM. Thus, the fragmentation products of sub-nm, a-C(:H) particles, i.e., aromatic clusters with few aromatic rings (N R = 2 − 3) and only ≃ 10 − 20 sp 2 carbon atoms, are likely to be rather short-lived in the ISM. The smallest a-C(:H) particles, that could be at the origin of the observed IR emission bands, may therefore represent something of an "end of the road" evolution for carbon clusters because their disintegration products, viz., small free-flying PAH-like species,will be quickly destroyed in the diffuse ISM (e.g., Jochims et al. 1994; Micelotta et al. 2010b,a) In conclusion, it is likely that pure, perfect, planar PAHs are not likely to be a major component of dust in the ISM but rather that the observable characteristics generally attributed to them (i.e., principally the IR emission bands) can be better explained by a distribution of nm and sub-nm a-C(:H) particles. Consequently, searches for particular PAH molecules will probably prove fruitless. Further, graphite (containing little or no hydrogen) is probably not a viable material for interstellar carbonaceous dust and small graphite particles are therefore unlikely to be present in the ISM (e.g., Serra Díaz-Cano & Jones 2008).
a-C(:H) processing timescales
The size-dependent a-C(:H) particle photo-processing timescales, τ UV,pd , can be derived as per Eq. (31) of paper II by inserting appropriate values for the particle absorption efficiency, Q abs (a, E), and the photo-darkening efficiency, ǫ (here we assume ǫ = 0.1 but the exact value is uncertain). Fig. 18 shows τ UV,pd , multiplied by the ISRF factor G 0 , as a function of particle radius for a-C(:H) materials (E g = −0.1 to 2.67 eV), where surface hydrogenation has been included. Presenting the a-C(:H) evolution in this way, Fig. 18 indicates that in the diffuse ISM Fig. 18 . a-C(:H) particle photo-processing time-scales, τ UV,pd , multiplied by the ISRF factor G 0 , as a function of particle radius for increasing band gap from top (−0.1 eV, grey) to bottom (2.67 eV, purple). A photo-darkening efficiency, ǫ = 0.1, was assumed here.
(G 0 = 1) the photo-processing time-scales will likely be ≈ 10 5 yr for 10−100 nm radius particles and 10 6 yr for a 1 nm. These data should be scaled accordingly for photo-darkening efficiencies, ǫ, other than the value of 0.1 that has been adopted here. The longer time-scales for smaller particles simply reflects their lower values of Q abs (a, E) at UV wavelengths. Thus, it appears that all a-C(:H) particles are photo-aromatised on rather short time-scales ( 10 6 yr) in the ISM. However, this estimation does not include the effects of thermal processing during the stochastic heating of small a-C(:H) particles, which could be important but has not yet been evaluated. In extreme radiation field regions, i.e., photo-dissociation regions (PDRs) with G 0 ≃ 10 3 (10 4 ), the carbonaceous nano-particle photo-processing time-scales will be ≈ 10 3 (≈ 10 2 ) yr, and it is in such environments that the loss of aromatic emission bands is observed (?), thus indicating extreme carbonaceous nano-particle processing.
The effects of photo-processing and photo-darkening, the sp 3 to sp 2 transformation, resulting from exposure to ISRF UV-EUV photons, could possibly be counterbalanced by hydrogen atom addition to the structure as a result of (energetic) collisions in the interstellar medium but this possibility is not discussed here, other than to refer the reader to the discussion presented in Sect. 5.2 of paper II.
The EUV-photolysis of a-C(:H) particles is key to their evolution in the ISM and needs to be incorporated into dust models. Carbonaceous dust evolution must therefore be treated dynamically, not only in terms of the evolution of the dust size distribution (e.g., Jones et al. 1996 ; Serra Díaz-Cano & Jones 2008) but also time-dependently in terms of the evolution of its chemical composition and structure (e.g., Jones 2009, papers I and II) . To this end, in the following section, provides a brief and preliminary guide to the usage of the optEC (s) (a) data.
Which optEC (s) (a) data?
The evolution of a-C:H dust in the ISM is tied to systematic variations its band gap, E g , which are driven by the dehydrogenating effects of extreme UV (EUV) 10 − 13.6 eV photon absorption (EUV-photolysis) and possibly by thermally-driven dehydrogenation during the large temperature fluctuations induced by stochastic heating following UV photon absorption.
A full investigation of the likely a-C(:H) optical properties in the ISM must await an in-depth modelling of the observed properties of carbonaceous dust in the ISM using the optEC (s) (a) data. However, the user is currently recommended to use the minimum band gap material for photo-processed a-C(:H) grains as indicated by the likely lower limit to the H atom fraction (viz, X H ≃ 0.05) as derived by experiment (Adel et al. 1989; Marée et al. 1966; Gadallah et al. 2011; Godard et al. 2011) . For the cores of larger particles, that cannot be photo-processed (i.e., at depths 20 nm), the material band gap should reflect the properties of the material prior to photon-irradiation in the ISM and may be an historical vestige of the grains at their time of formation.
The required optEC (s) (a) model optical property data, m(a, λ), should be chosen from those tabulated for the given radius and the required bulk material band gap for that radius. Note that it may be necessary to interpolate if data for the required radius or band gap, other than those tabulated, are needed. However, in this case, care will need to be exercised to ensure that the interpolated n and k data are consistent with the Kramers-Kronig relationship.
a-C(:H) extinction, absorption and emission
The use of the optEC (s) (a) data in modelling the likely properties of small interstellar carbon dust particles engenders certain relationships between the observable behaviours, e.g., principally, the FUV extinction rise, the UV bump at 217 nm and the aromatic infrared bands (AIBs). The derived data can be used to investigate the characterising properties of the a-C(:H) materials that could be responsible for these observables. The following very general criteria are adopted for each:
-FUV extinction -particles with an extinction rise in the FUV but no discernable bump at 217 nm, -217 nm UV bump -particles that produce a pronounced UV bump, with a peak close to 217 nm, and -AIB carriers -particles that show a clear band at 3.28 µm and also weaker features and a plateau in the 3.35 − 3.55 µm region. Fig. 19 schematically shows the E g − a parameter spaces occupied by the particles that could be responsible for the FUV extinction rise, the 217 nm UV bump and the AIBs. The grey curve indicates the minimum possible band gap, given by E g (min) = {(a/[1 nm]) −1 − 0.2} eV. However, and for clarity, the different component data are plotted as a function of the bulk material band gap, E g (bulk), because plotting as a function of the sizedependent band gap would place all the zones below the grey curve on the curve. In Fig. 19 the upper solid and long-dashed boxes indicate the particles that can explain the FUV extinction but that do not produce a significant bump at 217 nm. The vertical-lined box indicates particles that show a bump in the UV in the 4.4−4.8 µm −1 region and the dark-shaded inset area shows those particles that give a much closer fit to the observed UV bump peak position. The horizontal-lined box indicates particles that show spectra qualitatively consistent with the observed IR emission bands.
With the selection criteria adopted here, Fig. 19 shows that the FUV extinction, UV bump and AIB carrying particles appear to be rather de-coupled. Note that, for a-C(:H) materials to be responsible for the AIBs, the particles would apparently have to be small (a 1 nm), and aromatised (E g ≃ 0 eV) and bulk-dehydrogenated below the 5% H atom fraction limit. The optEC (s) (a) data indicate that the FUV extinction particles ought to be larger and have larger band gaps than the UV bump carriers. The UV bump carriers probably have properties intermediate between those of the FUV extinction and AIB carriers. There is, nevertheless, likely to be overlap between the different populations, which probably do not occupy well-defined zones in the E g − a parameter space as indicated in Fig. 19 . & Duley (1996) experimentally investigated HAC particles at the point at which they are undergoing decomposition. They found that the IR spectra under these limiting conditions show the major spectral features seen in the emission bands. In this case the decomposition transition species are found to contain "proto-graphitic" islands (i.e., PAH-like or PAH radical species) with tens to hundreds of aromatic rings (dimensions 1-5 nm) and which appear to be a good candidate for the carriers of the IR emission bands. The work presented here is then in agreement with this HAC particle decompositional processing scheme and indicates that small, highly-aromatic a-C(:H)/HAC particles are indeed the "end of the road" for carbon dust evolution in the ISM.
A brief comparison with experiment

Scott
Given that the smallest a-C(:H) particles will have small heat capacities, be stochastically-heated by ISRF photons and undergo large temperature excursions upon single photon absorption, the particle heat capacities in this solid-molecule interfacial domain will need to be carefully calculated. Appendix F gives a possible approach to this heat capacity issue.
A brief comparison with observations
The data, as presented here, are qualitatively consistent with many observable dust properties, namely: the form of the FUV extinction, the lack of correlation between 217 nm UV bump peak position and width, broader UV bumps where the FUV curvature is greater and stronger FUV extinction as the bump weakens (e.g., Fitzpatrick 2004; Fitzpatrick & Massa 2007). A&A proofs: manuscript no. aCH_evolution_paper_III In particular, the optEC (s) (a) data predict a general, but not completely de-coupled, anti-correlation between the intensity of the bump at 217 nm and the FUV extinction rise (e.g., see Fig. 7 ). It is also clear that the derived UV bump at ≈ 4.6 µm −1 is too large, with respect to the observed interstellar feature, and that its position is size-dependent. The variation in the bump width appears to be rather small, which is consistent with observations. 8 Clearly, a better understanding of the nano-physics of the likely bump carriers is required. Many theoretical and laboratory data-based models for the UV bump, which require specific sizes or use PAH molecules (e.g., Draine & Lee 1984; Sorrell 1990; Verstraete & Leger 1992; Joblin et al. 1992; Mennella et al. 1995 Mennella et al. , 1996 Duley & Seahra 1999; Gadallah et al. 2011; Compiègne et al. 2011 ) are also not without some difficulties.
A fuller investigation of these effects is clearly required but is beyond the scope of this paper. A detailed modelling of the interstellar extinction and emission, using the DustEM model (Compiègne et al. 2011) , will be undertaken in follow-up papers.
Re-formation and accretion issues
The indication of enhanced scattering in the outskirts of molecular clouds implies that the formation and accretion of Hrich a-C:H (mantles) in the ISM, or just carbonaceous dust reformation in general, as apparently required by observations (e.g., Jones & Nuth 2011), could indeed occur in and on the outskirts of molecular clouds, a scenario that was proposed long ago (e.g., see Jones et al. 1990 , and references therein). This is perhaps supported by the analysis of observational data by Boulanger et al. (1994) , which shows that when matter cycles in and out of the denser molecular regions of the ISM the AIB carriers "are formed from or transformed into particles sharing the same absorption features." This suggests that the variations in the mid-IR emission result from changes in the small particle size distribution, which conserve the dust mass within the Rayleigh limit for UV radiation (a 20 − 30 nm) and implies that the smallest particles grow by accretion in dense molecular clouds but do not coagulate onto large grains.
Under quiescent conditions the accretion of (carbonaceous) mantles onto dust is an important process, and one that depends upon the total surface area available and leads to the same mantle thickness on all grains, independent of radius. Then, given that, for a power-law-type dust size distribution typical of the ISM (e.g., Mathis et al. 1977; Draine & Lee 1984; Mathis 1990; Compiègne et al. 2011 ) most of the available surface will be in the small grains, it is on the smaller grain surfaces that a significant fraction of the mass will accrete. This will have a consequent and major impact on the modification of the dust size distribution. As Guillet et al. (2007) show, for ice mantle accretion, the resulting dust mass distribution can end up with a significant fraction of the accreted mass on the smallest particles in the size distribution (resulting in a shift to significantly larger sizes) and yield a somewhat bi-modal dust mass distribution. Thus, the accretion of H-rich carbonaceous mantles onto (predominantly) the smallest pre-existing grains in the ISM (in denser regions) is entirely consistent with the observational effects noted by Boulanger et al. (1994) whereby the smallest grains are most affected but still remain within the Rayleigh limit for UV radi-8 A "perfect" match to the observed UV bump width could, rather straight-forwardly, be obtained in the optEC (s) (a) data by introducing an empirical, size-dependence into the calculation of the π − π * band (Appendix B.1.1); this temptation has been resisted here.
ation. Given that the accretion timescale is ≈ 10 9 /n H yr, mantle accretion in less than one million years requires gas densities 10 3 cm −3 , which are not unreasonable.
Predictions of the optEC (s) (a) model
The optEC (s) model made several predictions deriving from the band gap evolution of a-C(:H) bulk materials (see papers I and II). Additional predictions, arising from the optEC (s) (a) model, and specifically-relating to the likely size-dependent properties of hydrocarbon grains in the ISM, include:
1. Large a-C(:H) grains (a 20 nm) cannot be completely UVphotolysed and should retain their formation composition in their cores. 2. Small grains (a 20 nm) will ultimately be UV-photolysed to aromatic-rich materials with E g ∼ 0.2 − 0.25 eV. 3. As a-C(:H) grains are progressively dehydrogenated and aromatised by UV photolysis there will be a concomitant: -decrease in the UV extinction, -increasing UV bump peaking in the 208 − 227 nm region, -increase in the FIR-mm extinction and emission and -a transition from aliphatic-dominated to aromaticdominated CH and CC IR modes. 4. The spectra for 3 nm radius particles are rather invariant. 5. With decreasing size the CH modes increase in strength, with respect to CC modes, due increased surface hydrogenation. 6. In the 6−8 µm region significant changes occur in the spectra for a < 1 nm as the aliphatic CC component declines. 7. A "resilient" 6.9 µm aliphatic CH 2 band is seen in the spectra, which is paired with a 7.1 µm olefinic CH 2 band. 8. The 3.28 µm aromatic CH band will always be accompanied by aliphatic bands and /or a plateau in the 3.35 − 3.55 µm region.
Limitations of the optEC (s) (a) model
The limitations of optEC (s) model that were presented in papers I and II, are also present in the optEC (s) (a) model. However, other limitations are specific to the particle size-dependence incorporated into the optEC (s) (a) model:
-Caution should be exercised in the use of the spectral bands long-wards of ≈ 7.3 µm in the interpretation of astrophysical spectra because these bands are not yet well-determined. -The model does not include sp 2 clustering into chains, cagelike structures or C 5 pentagons, which could be particularly important for small particle evolution/fullerene formation. -The model does not take into account any possible sizedependent modifications of the IR CH and CC band profiles. -The possible contribution of long wavelength modes to the mm-cm emission cannot yet be discounted.
Conclusions and summary
Here and in the two preceding papers a self-consistent unification model was developed for the band gap-and size-dependent evolution of amorphous hydrocarbon, a-C(:H), grains in the ISM. The physical and chemical transformations of this apparently simple bi-atomic solid phase could be at the heart of many of the observables attributed to carbonaceous matter in the ISM, circumstellar media and in the Solar System. This work presents a model, the optical property prediction tool for the Evolution of Carbonaceous (s)olids as a function of r(a)dius, optEC (s) (a) , that can be used to explore the nature of hydrocarbon solids in a wide variety of environments. The optEC (s) (a) model is used to derive a coherent set of optical properties [the complex refractive indices, m = n(a, E g , λ) + ik(a, E g , λ)] for a-C(:H) materials as a function of wavelength (from EUV to cm wavelengths), band gap (from −0.1 to 2.7 eV) and radius (from 0.33 to 100 nm). For larger particles (a 10 nm) the properties are essentially the same as for bulk materials. For the smallest particles, with as few as a hundred or so atoms, the properties are a strong function of size because of surface hydrogenation and the key role of the particle-size-limited, aromatic clusters (containing only a few rings for the smallest consider particles).
As it currently stands the use of the optEC (s) (a) data to study the observable characteristics of interstellar hydrocarbon particles appears to be, at least qualitatively, consistent with the: -evolution of the size-dependent spectra of ISM a-C(:H) dust, -spectra of the AIB carriers in the 3 µm region, -FUV extinction and the UV bump, -major observed extinction and AIB (non-)correlations, and -variations in the FIR-mm emissivity index (β ≃ 1.3 to 3.1).
Further the optEC (s) (a) model data makes some key predictions about the nature of the interstellar carbonaceous dust, i.e.:
-the 3.28 µm aromatic CH band will always be accompanied by aliphatic CH n bands and/or plateau in the 3.35 − 3.55 µm region, -the "end of the road" evolution for small a-C(:H) particles is probably aromatic/aliphatic cage-like structures, which could possibly provide a route to fullerene formation, -the UV-photolytic fragmentation of small a-C:H grains will lead to the formation of small hydrocarbon molecules (CCH, c-C 3 H 2 , C 4 H, etc.) in PDR regions, and -"pure" graphite grains and "perfect" PAHs are probably not important components of dust in the ISM.
The optEC (s) (a) optical constant data are provided in the accompanying pairs of ASCII files for n and k for particle radii of 100, 30, 10, 3, 1, 0.5 and 0.33 nm and band gaps of -0.1, 0.0, 0.1, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25, 2.5 and 2.67 eV. It is hoped that these data will provide an interim, test-able but modifiable set of data that can be used in the interpretation of astronomical data. The user of these data is, however, cautioned to carefully consider the highlighted limitations of these data in the interpretation of astronomical data until such time as suitable laboratory data is available to replace them. The current tabulated optEC (s) (a) optical constant data should therefore be seen as a "stop gap" solution until that time.
The optEC (s) (a) model (with its inherent size-dependent, band-gap limitations) has been used to predict the longwavelength (FIR-cm) properties of a-C(:H) particles with the same number of carbon atoms as interstellar PAHs. The results for the optEC (s) (a) model are not consistent with the predictions for interstellar PAH models in that, in order to absorb strongly at FIR-cm wavelengths, interstellar PAHs would seemingly need to be rather large i.e., N C 10 4 ≡ a 9 nm. However, in the interstellar PAH models, absorption at long wavelengths is considered to be due to the overlapping contributions of broad, lowenergy "flopping" modes, which have not been incorporated in the optEC (s) (a) model.
A full investigation of these optEC (s) (a) data, in the interpretation of the observed interstellar dust extinction and emission properties, is now under way using the DustEM model (Compiègne et al. 2011 ).
For an amorphous hydrocarbon material the mean atomic mass, A, is given bȳ
where X sp 2 and X sp 3 are the atomic fractions of sp 2 and sp 3 carbon atoms, respectively. For a bulk material density ρ and a grain radius a the total number of atoms per particle, N atom , is then
where N A is Avogadro's number. The total number of atoms (C+H) in the bulk of the particle can then be estimated from the simplified expression
which indicates that a 1 nm radius a-C:H particle with X H ≃ 0.5 contains approximately 600 atoms, half of them being hydrogen atoms [N H = X H N atom ] and half carbon atoms [ Fig. A.1 shows N C as a function of radius for typical nanoparticle sizes, and also indicates the effect of adopting a lower effective density for the smallest particles with a 1 nm (dashed lines). The dashed lines show N C for effective radii a eff = a 0.8 , which simulate lower effective densities for sub-nm particles, i.e., larger effective radii for a given number of carbon atoms.
The effective volume of a constituent atom within such a particle is
and the effective radius of an atom within the solid is then
The number of surface atoms per particle is given by the volume of the surface layer one atom deep divided by the atomic volume, i.e., 3 and the fraction of the atoms that are "in" the surface, F s , is then given by N s /N atom , i.e.,
(A.9) Fig. A.2 shows F s as a function of a for various values of X H and indicates that F s is not particularly sensitive to X H but that the surface contribution is important for sizes less than 10 nm and is dominant for particles as small as 0.5 nm in radius. For particles with a 30 nm surface effects can be safely ignored. The average number of hydrogen atoms associated with a carbon atom, based on the bulk composition, is .10) and this must also be the minimum hydrogenation at the surface. The coordination of carbon atoms at the particle surface will be incomplete and result in "dangling" C(-) n bonds (n ≤ 3), which are assumed to hydrogenate to form additional C-H Fig. A.2 . The fraction of atoms in the surface, F s , as a function of the particle radius for X H = 0.17 (thin), 0.3, 0.4, 0.5 and 0.62 (thick).
bonds at the particle surface. Assuming homogeneous mixing of the atoms, within the particle and at the surface, the number of carbon atoms in the particle is .11) and the number carbon atoms at the surface is
The fraction of carbon atoms at the surface is then
because the same bulk and surface composition are assumed. The possibility that the surface may reconstruct in some way without the addition of hydrogen is ignored here. Such a re-construction would alter the bulk properties, which are assumed to be fixed here, and is not allowed in the model because this would lead to structural inconsistencies.
A key question here is: How many extra hydrogen atoms are needed to bond with, or equivalently to "passivate", all of the "dangling" C(-) n bonds at the particle surface? In a statistical sense, for a particle large compared to the mean inter-atomic bond length, the particle surface presents a semi-infinite, planar cut through the network/bulk structure. Thus, a surface carbon atom can only "use" approximately half of its normal bulk coordination and so each hydrogen-passivated, surface carbon atom can have an extra 1 2 m C hydrogen atoms attached, where m C is the mean bulk carbon atom coordination number (see paper I). The number of extra surface-passivating hydrogen atoms, attached to the surface carbon atoms, is then
where the factor (1 − X H ) = X C allows for the fact that only that fraction of the surface atoms are carbon. Substituting into Eq. (2), the particle size-dependent total (surface+bulk) hydrogen atom fraction is given by
(A.14) In effect, and for small particles, this expression leads to total atomic fractions for the particles .15) that are greater than unity because the surface H atoms are counted as an "extra" atomic fraction, which seems a reasonable approach given that the surface H atoms do not affect the bulk structure. Fig. A.3 shows the surface and bulk hydrogen atom fractions as a function of the particle size for values of X H typical of the eRCN model (dashed lines) and the DG model (solid lines).
The surface passivation of the particles, by the addition of extra H atoms, occurs for all types of CH n groups (n ≤ 3) and thus their fractional concentration, X CH n , must be augmented in the same way as for the hydrogen atom fraction X H . However, specific surface CH groups, CH (n−1) , need to be considered in terms of how they transform to CH n groups by the addition of extra H atoms at the particle surface, i.e., (A.16) which can, as explained above, lead to total atomic fractions greater that unity because of the "extra" surface H atom convention adopted here. The bulk composition eRCN and DG models therefore turn out to be good representations for particles with radii 100 nm. Only for smaller particles need surface passivation and particle size effects be of concern. Thus, small, stochastically-heated, amorphous hydrocarbon grains in the ISM are likely to show important size and surface effects, in addition to their properties that will be very strongly dependent on annealing (thermal processing) to more aromatic structures (in the absence of an opposing re-hydrogenation process).
Appendix B: The size-dependent visible-UV electronic properties of a-C(:H)
This Appendix considers, in detail, the necessary solid-state physics at the heart of the derivation of the size-dependent, EUVcm wavelength, complex refractive indices of a-C(:H) materials.
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In order to aid the reader to negotiate the "maze" of the relevant solid-state physics, in the following paragraph the salient points relating to the band gap properties of a-C: H and a-C as, principally, reviewed in the seminal paper by Robertson (1986) are briefly summarised here. The interested is encouraged to delve into the Robertson (1986) review for a deeper understanding of these complex materials.
Within the energy gap, between the valence and conduction bands, of a-C(:H) materials there exist states that control the electronic properties, conductivities, luminescence and doping in these amorphous, semi-conducting materials. The gap in an amorphous, semi-conductor is strictly a pseudo-gap or mobility gap, resulting from a localisation of the contributing states. The mobility edge in such a system is the energy separating these localised states from the extended states (states well within the valence and conduction bands), where increasing disorder leads to the localisation of the contributing states (e.g., the segregation of aromatic clusters). In a-C the valence band and conduction band edges are due to π states, which can support extended states. However, in a-C:H, with decreasing sp 2 content, the π density of states decreases and the π-π ⋆ bands will be localised, i.e., isolated from one another. The optical absorption edges of a-C are consistent with broad valence and conduction band tails (pseudo gap 0.4 − 0.7 eV), which overlap at the gap centre. The tail states in a-C are therefore expected to be the π states of larger than average aromatic clusters. Wider gap a-C:Hs likely belong to the class of materials where deep gap states can be distinguished, i.e., states that are more localised than the tail states and that are associated with "defect" sites where the bonding is different from that of the bulk. These defect states are rather complex and likely associated with a breaking of the weaker π bonds (rather than the σ bonds), which is aided by the fact that π defects can delocalise into conjugated, olefinic, π electron systems (see also the postulate in Sect. B.1.2 below). The defect density in a-C:H correlates inversely with the optical gap and the effect of increasing the hydrogen content in a-C:H materials is to lower the defect density by reducing (aromatic) cluster sizes. This leads to an increase in the defect energy and thereby a decrease in the probability for the occurrence of these defect states within the structure. The creation energy for "dangling bond" sites is ∼ 1.8 eV and their character, analogous to that of the planar methyl radical (:CH 3 ), will be π-like in character, as for the olefinic sp 2 and aromatic clusters. [End of the band gap physics summary taken from Robertson (1986) .]
The wide-band optical spectra of a-C:H materials show two clear, separated bands: a π − π * peak at ∼ 4 eV and a σ − σ * peak at ∼ 13 eV (Robertson 1986 ). The energy positions of these π − π * and σ − σ * bands are practically independent of the hydrogen atom content (Kassavetis et al. 2007) . Another band at ∼ 6.5 eV has been attributed to small, aromatic, "benzene-like" clusters in the structure (e.g., Robertson 1986 ). Such small aromatic clusters are an intrinsic part of the covalent network and are not fully-hydrogenated like benzene. Here the ∼ 6.5 eV band is, nevertheless, designated C 6 . However, it is much broader than the width predicted for a single, six-fold, aromatic ring and so, as hypothesised below (see Sect. B.1.2), clusters other than simple six-fold, aromatic rings probably contribute to the broadening of the C 6 band. With thermal annealing or photo-darkening the π − π * peak strengthens with respect to both the σ − σ * and C 6 bands; trends that result from an increase in aromaticity with annealing. In this work the following characteristic band ener- The π-π ⋆ band has been modelled as arising from a powerlaw distribution of aromatic ring systems. The maximum possible size for the aromatic clusters, N R (max), is determined using the values expected for a bulk material (e.g., Eq. (2) ues, N R (a), which can be obtained by solving for N R in Eqs. (3) and (4) given in paper II. For E g < 0.5 eV and for the smallest considered particles, i.e., for a = 0.33 nm with ≈ 40 C atoms, N R (max) = 6. Steric considerations imply that the aromatic clusters should principally consist of "isolated" two-and three-ring systems containing about three quarters of the carbon atoms. The remaining carbon atoms must be in olefinic and aliphatic bridging structures such as -CH=CH-and -CH 2 -, and these must be mostly in the form of short aliphatic chains with paired carbon atoms, i.e., -CH 2 -CH 2 -. Indeed, the spectra of sub-nm, H-poor a-C(:H) particles (with E g = 0.1 − 0.5 eV) in Figs. 16 to 17 (see Sect. 5.1) clearly reveal only aromatic CH and aliphatic CH n bands, which seem to be consistent with this hypothesis. Paper II gives the derivation of the imaginary part of the complex index of refraction, k, using:
where σ C,i (E, E g ) is the specific carbon atom cross-section and N C,i (E g ) is the number of carbon atoms per unit volume. In fitting the size-dependent π − π ⋆ contribution to k the material band gap needs to be taken into account and it is therefore convenient to fit the k data in the Tauc form, i.e.,
and then derive k from,
3)
The π − π ⋆ band contribution to the cross-section, σ C,π−π ⋆ , is given by
A&A proofs: manuscript no. aCH_evolution_paper_III where n(N R ) is the relative abundance of aromatic ring systems with N R rings, V C = 10 23 f arom. (E g ) is the number of carbon atoms per unit volume, f arom. (E g ) is the fraction of sp 2 carbon atoms in aromatic clusters, σ C is the assumed aromatic carbon atom cross-section (≃ 10 −18 cm 2 ) and S π−π ⋆ is a scaling factor (see Table B .1). The aromatic cluster size distribution has been modelled using the following power law description,
where the power law exponent, p, varies from 2.5 to 3.55 for the highest to lowest band gap materials, respectively, and n C (N R ) is the number of carbon atoms in an aromatic cluster with N R rings (see Eq. 3 in paper II). Note that the cluster abundance is normalised by n C,arom. , the total number of carbon atoms in aromatic clusters per unit volume. For the smallest aromatic cluster, N R = 1, a benzene-like ring, a smaller relative abundance, before normalisation, of 0.08 (rather than unity) is assumed because the contribution of this structure is already included, in part, within the C6 band. For the time being, and until laboratory data give better constraints, "reasonable" Gaussian profiles have been assumed for the aromatic cluster band profiles because the exact form of the bands is unknown. Lorentz and Drude band profiles give wings that are too strong and do not allow a fit to the low-energy behaviour.
The derived Gaussian band peak energy for each given aromatic cluster is given by (B.6) and for the width, σ G , a band width for a cluster of given N R is assumed so as to yield the correct band gap for that cluster, i.e., E g (N R ) = 5.8N
−0.5 R (as per Eq. 4). With this imposition, a fit was obtained using
(B.7)
The band gap for the given N R cluster is obtained by extrapolation of the band profile at energies (E 0 −0.6) eV and (E 0 −1.2) eV (indicated by the diamonds in Figs. B.2 and B.3), using the above-described width expression, so as to be consistent with the required value. The resulting aromatic cluster band gaps (vertical grey lines), band shapes (orange gaussian profiles) and the band gap extrapolations (sloping black lines) are shown in the lower panels of Figs. B.2 and B.3. Table B .1 shows the parameters used in the aromatic cluster size distribution fitting and the E g -X H colour coding scheme. The fraction of sp 2 C atoms in aromatic clusters, f arom. , is taken from paper I, the maximum number of rings per aromatic cluster, N R (max), is estimated from (Robertson 1986 , Fig. 23 ).
For particle radii larger than 3 nm (for E g 0.25 eV), where there is no need to take into account particle size limitations on N R (max), this limiting size depends only on the band gap of the material under consideration. Empirically, the π − π ⋆ -N R (max) size-limitations on the particle optical properties are only of concern for
i.e., principally for low band gap, small particles (see Figs. 2 and B.4). The aromatic cluster power-law, p, and the scaling factor, S π−π ⋆ , can be rather well fit by the following analytical expressions, (B.10) where S π−π ⋆ (E g = 0) = 0.8. However, in the fitting and derivation of the E g -and size-dependent values of k the values given in Table B .1 were used, these give a more exact representation of the bulk material data.
Figs. B.2 and B.3 show the results of modelling the π-π ⋆ band as a power-law distribution of aromatic ring systems for the E g = 0.25 eV and for two particle radii, a = 3 nm and a = 0.5 nm, where small particle effects are not and are important, respectively. Clearly, the aromatic cluster size-distribution approach (red line) allows a very satisfactory fit to the derived k data (blue line) when cluster size-limiting effects are unimportant (Fig. B.2) . The principal effect to note here, as the particle size is reduced (c.f., Figs. B.2 and B.3), is a decrease in k at low energies (E < 4 eV, 1/λ < 3 µm −1 ) and an increase in k in the UV (E ∼ 4 − 9 eV, 1/λ ∼ 3 − 9 µm) resulting in a bump in the ∼ 4 µm −1 (∼ 6 eV) region. At higher energies (E > 9 eV), where the σ − σ ⋆ band dominates, the behaviour of k is size independent in this model. For small particle sizes, large aromatic ring systems are not allowed and so that the optical activity associated with these small band gap entities is not present. The aromatic clusters being shifted towards lower N R systems, with higher band gaps, leads to a shift in the optical activity to higher energies.
In order to complete the fitting of the long-wavelength behaviour of the bulk material π−π ⋆ band, with the aromatic cluster size-distribution approach, a linear portion to k is added at energies below E ′ 1 , as per paper II (Sect. 4.1.2), with a size-dependent behaviour of E ′ 1 given by
which is a slightly modified from of Eq. (21) in paper II (the constant 4.0 replaces the value of 4.5 used in paper II). Then, for the size-dependent behaviour the band gap predicted by the largest-possible aromatic cluster, E g {a, N R (max)}, is used rather than the expected band gap for the bulk material, E g (bulk), in determining the appropriate size-dependent value of E ′ 1 . The relationship between the effective and bulk material band gaps is shown in Fig. B.4 .
For the power-law index at long wavelengths, γ, that given by Eq. (22) in paper II is used, except for the the two lowest values of E g , i.e., −0.1 and 0.0 eV, where setting γ = −0.35 and −0.14, respectively, gives a better to fit the bulk material data.
The particle size-dependent adjustment of the summed π-π ⋆ and C 6 aromatic structure contributions to the determination of k imposes an effective scaling down because of the reduced effects at long-wavelengths. Therefore the π-π ⋆ and C 6 contributions are scaled-up to ensure the conservation of n eff , i.e., their total integrated contribution to k is taken to be constant. The required π-π ⋆ + C 6 enhancement factor, i.e., n eff (a)/n eff (bulk), is found to be at most ≃ 1.9, 2.5 and 3.1 for 1, 0.5 and 0.33 nm radius particles, with E g = −0.1 eV, respectively. Appendix B.1.2: The C 6 band The C 6 band contribution to the wide-gap optical properties, as derived in paper II, is shown by the dark grey dashed line in the upper part of Fig. B.1 . Given that the adopted C 6 band is apparently larger than would be predicted by the E g relation (Eq. 4), it is likely, for low-symmetry a-C(:H) materials, that there could be an important contribution from the normally weak π − σ ⋆ Table B.1. The optEC (s) (a) material band gap, E g , fraction of sp 2 C atoms in aromatic clusters, f arom. , maximum number of rings per aromatic cluster, N R (max), aromatic cluster power-law, p, scaling factor, S π−π ⋆ , hydrogen atom fraction, X H , and colour coding scheme. , for 30 nm radius a-C(:H) particles as a function of E g , as predicted by the optEC (s) (a) model presented in this paper (see Table B .1 for the line colour-coding).
towards more molecular properties with prominent bands and weak continua.
Appendix D: Size-dependent optical-UV properties
Figs. D.1 to D.5 present Q ext (thick solid), Q sca (dotted), Q abs (dashed) and Q sca /Q ext (thin solid), as a function of inverse wavelength, for particle radii of 30, 10, 3, 0.5 and 0.33 nm, and for all considered band gaps. See Tables 1 and B .1 for the line colourcoding; from large gap, purple (2.67 eV), to low band gap, black. These figures complement Figs. 6 and 7 for 100 and 1 nm radii particles. The thin horizontal black lines in each figure show the maximum albedo, i.e., the limit where Q sca /Q ext = 1 and the extinction would be due to pure scattering. The vertical, dark grey band shows the observed variation in the central position of the 217 nm UV bump and the vertical, light grey bands on either side indicate observed variation in its observed full width at half maximum (e.g., Fitzpatrick 2004; Fitzpatrick & Massa 2007) . As can clearly be seen in Figs. 6 and D.1, the extinction of hydrogen-rich a-C:H particles (X H 0.5 or equivalently E g 2 eV), with radii greater than 30 nm, will be increasingly dominated by scattering over a wider wavelength region as the particle size increases. In particular, it can be seen that 100 nm radius particles have albedos ≥ 0.5 for X H 0.2 (≡ E g ≥ 1 eV) over a wavelength range of at least ≈ 0.3 − 1 µm (≈ 1 − 3 µm −1 ). For larger hydrogen contents even higher albedos are to be found and over a much wider wavelength range.
Appendix E: The size-dependent spectra of optEC (s) (a)-modelled particles
Figs. E.1 to E.5 present the predicted spectra, based on the eRCN and DG models, for optEC (s) (a)-modelled particles of radii 30, 10, 3, 1, and 0.33 nm, presented as wavelength times absorption coefficient per carbon atom, λα/N C , in the 2 − 14 µm region, as a function of wavelength and E g . The complementary spectra for 100 and 0.5 nm radius particles are given in Figs. 8 and 9. 9 The adopted colour-coding for this plot is from large band gap (2.67 eV, purple) to low band gap (-0.1 eV, black) with intermediate values in steps of 0.25 eV from 2.5 (violet) to 0 eV (grey) with the addition of the E g = 0.1 and −0.1 eV cases (light grey and black, respectively), i.e., as per Table B.1.
The spectra presented here show a systematic evolution with both the band gap, E g , as already highlighted in papers I and II, and perhaps more importantly with particle size. With decreasing band gap, E g , and as described in paper I, the intrinsic CC and CH n modes responsible for the modelled absorption features show a clear transformation from sp 3 -dominated CH n 9 Note that the spectra plotted here are for different values of X H than were given in paper I.
Article number, page 22 of 26 A.P. Jones: Variations on a theme -the evolution of hydrocarbon solids: bands to sp 2 -dominated CH n bands as aromatisation proceeds. Note that the spectra for low band gap materials (E g 1.5 eV) derived from the DG model now include the expected aromatic CH bands, which are due to the passivation/hydrogenation of the aromatic surface.
The spectra for particle radii down to ≃ 3 nm really do not change substantially. However, descending in radius from 3 to 0.33 nm the following evolutionary sequence(s) is found:
-a general increase in CH modes with respect to CC modes as surface hydrogenation becomes more important, -a significant change in the spectra in the 7 − 9 µm region for particle radii smaller than 1 nm as the aliphatic CC component contribution declines and -a surprisingly "resilient" aliphatic CH 2 band at 6.9 µm, accompanied by an olefinic CH 2 band at 7.1 µm, is seen in the spectra of materials with E g 0.1 eV.
Note that bands with central positions long-ward of the vertical grey line (λ > 7.3 µm) are not yet well-determined by laboratory measurements and should therefore be treated with some caution. It is also likely that the bands in the 6.5 − 7.5 µm region could be too strong in this model and may require re-calibration using better laboratory data when they becomes available.
Appendix F: a-C:H heat capacities
To zero order it can be assumed that the heat capacity of bulk a-C:H/a-C materials is the linear sum of the abundance-weighted Assuming a single heat capacity for the CH component and decomposing the CC component into its sp 2 and sp 3 constituents and normalising by the number of C atoms per unit volume, N C , gives
which with the substitution R = X sp3 /X sp2 , and recalling that [H]/[C] = X H /(1 − X H ), the above equation can be re-written as
The key question is then: what heat capacities should be used for the different components? For C V (CH) the values from Dwek et al. (1997) , which were used to determine the heat capacities of PAHs in the ISM, would seem to provide a reasonable approach. For the heat capacity of the sp 2 CC component, A&A proofs: manuscript no. aCH_evolution_paper_III C V (CC) sp2 , a value appropriate for graphite, basically as per Dwek et al. (1997) , could be used for the aromatic component or a material typical of an olefinic structure, however, the former approach is rather well-established and is probably to be preferred. For sp 3 component heat capacity, C V (CC) sp3 , values for diamond or polyethylene could be used; the latter is probably to be preferred.
For finite-sized hydrocarbon particles the above expressions need to be modified to include the contribution from the surfacebond terminating, or surface passivating, H atoms. In this case (Savage & Mathis 1979 , large squares) and (Mathis 1990 , small squares). The grey curves indicate the average galactic extinction, and its variation (upper and lower grey curves), as derived by Fitzpatrick & Massa (2007) .
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